Background: Expansion of intronic (CTG⅐CAG) n repeats in TCF4 is found in most Fuchs endothelial corneal dystrophy (FECD) patients. Results: RNA foci co-localizing with the splicing factor MBNL1 are found in FECD cells, and changes in mRNA splicing occur. Conclusion: Trinucleotide repeat expansion in FECD is associated with RNA focus formation and missplicing. Significance: RNA toxicity occurs in a disease affecting millions of patients. . 3 The abbreviations used are: FECD, Fuchs endothelial corneal dystrophy; TNR, trinucleotide repeat; DM, myotonic dystrophy type; FXTAS, fragile X-associated tremor/ataxia syndrome; C9ORF72 ALS/FTD, C9ORF72-associated amyotrophic lateral sclerosis and frontotemporal dementia; EMT, epithelial-to-mesenchymal transition.
Fuchs endothelial corneal dystrophy (FECD) is an inherited degenerative disease that affects the internal endothelial cell monolayer of the cornea and can result in corneal edema and vision loss in severe cases. FECD affects ϳ5% of middle-aged
Caucasians in the United States and accounts for >14,000 corneal transplantations annually. Among the several genes and loci associated with FECD, the strongest association is with an intronic (CTG⅐CAG) n trinucleotide repeat expansion in the TCF4 gene, which is found in the majority of affected patients. Corneal endothelial cells from FECD patients harbor a poly-(CUG) n RNA that can be visualized as RNA foci containing this condensed RNA and associated proteins. Similar to myotonic dystrophy type 1, the poly(CUG) n RNA co-localizes with and sequesters the mRNA-splicing factor MBNL1, leading to missplicing of essential MBNL1-regulated mRNAs. Such foci and missplicing are not observed in similar cells from FECD patients who lack the repeat expansion. RNA-Seq splicing data from the corneal endothelia of FECD patients and controls reveal hundreds of differential alternative splicing events. These include events previously characterized in the context of myotonic dystrophy type 1 and epithelial-to-mesenchymal transition, as well as splicing changes in genes related to proposed mechanisms of FECD pathogenesis. We report the first instance of RNA toxicity and missplicing in a common non-neurological/neuromuscular disease associated with a repeat expansion. The FECD patient population with this (CTG⅐CAG) n trinucleotide repeat expansion exceeds that of the combined number of patients in all other microsatellite expansion disorders.
The corneal endothelium is a non-regenerative cell monolayer on the internal surface of the cornea and is responsible for the maintenance of corneal clarity by continual deturgescence of the collagenous corneal stroma. Fuchs endothelial corneal dystrophy (FECD) 3 is a common, inherited, corneal endothelial degeneration. After age 40, ϳ5% of adults in the United States exhibit guttae, the clinical hallmark of the disease, which are microscopic but easily identifiable collagenous excrescences interspersed among the corneal endothelial cells. Mild disease is asymptomatic, whereas severe disease develops in a small proportion of patients with guttae. Advanced FECD, treatable only by corneal transplantation, is characterized by extensive guttae, endothelial cell loss, and vision loss due to stromal edema. Vision loss in FECD is the most frequent indication for allogeneic corneal transplantation in the United States, responsible for Ͼ14,000 grafts annually (1) . FECD also poses a risk factor for irreversible corneal edema after cataract extraction (2, 3) , and it may be a contraindication to refractive errorcorrecting procedures such as LASIK (laser-assisted in situ keratomileusis).
The influence of genetic factors on FECD is well recognized, and variants in several genes have been associated with a small proportion of FECD patients. A genome-wide association study by Baratz et al. (4) identified the most reproducible and robust SNP marker for FECD available at this time, the SNP rs613872, which is located in an intron of the TCF4 (transcription factor 4) gene on chromosome 18 . This association has now been replicated repeatedly, and subsequent investigation has revealed its tight linkage to a (CTG⅐CAG) n trinucleotide repeat (TNR) expansion in a different intron of the TCF4 gene (5, 6) A repeat length longer than 150 nucleotides in leukocyte DNA is highly predictive of disease, so this TNR is a prime candidate for being pathogenic in this autosomal dominant, late-onset, degenerative disease (5, 7) . The location of the repeat in an intron raised the possibility that RNA toxicity might play a role in the pathogenesis of this common autosomal dominant disorder, as it does in several of the relatively rare neurodegenerative and neuromuscular repeat expansion diseases, such as myotonic dystrophy types 1 and 2 (DM1 and DM2) (8) , fragile X-associated tremor/ataxia syndrome (FXTAS) (9) , and C9ORF72-associated amyotrophic lateral sclerosis and frontotemporal dementia (C9ORF72 ALS/FTD) (10) . In each of these diseases, expanded microsatellite DNA sequences are found in noncoding regions of various genes, including 5Ј-UTRs (FXTAS), introns (DM2 and C9ORF72 ALS/FTD), and 3Ј-UTRs (DM1) (reviewed in Ref. 11) , and these repetitive elements are transcribed into toxic gain-of-function RNAs. In the case of DM1, the (CTG⅐CAG) n repeats in the 3Ј-UTR of the serine/threonine protein kinase gene DMPK (dystrophia myotonica protein kinase) are transcribed into poly(CUG) mRNA, which disrupts normal cellular processes at the level of mRNA processing by sequestering the splicing regulator MBNL1 (muscleblind-like 1Ϫ) (8, 12) . Such protein-RNA complexes can be visualized in DM1 cells as nuclear RNA foci (reviewed in Ref. 12) . Because MBNL1 also binds 3Ј-UTRs, misregulation of alternative polyadenylation has been described in DM1 (13) . RNA foci, protein sequestration and consequent pathological defects have been noted in DM2, FXTAS, and C9ORF72 ALS/FTD (11) . Recent studies also point to the possibility of translation of the repeat RNAs into toxic protein species (14) . Our results demonstrate that RNA toxicity occurs in the corneal endothelia of FECD patients. We report the first instance of RNA toxicity and splicing defects in a very common disease, where the number of FECD patients alone greatly exceeds that of all patients with other microsatellite disorders worldwide. Our results also suggest potential novel therapeutic approaches to the treatment of FECD.
EXPERIMENTAL PROCEDURES
FECD Patients-Participants were recruited after informed consent from the cornea service of the Department of Ophthalmology at the Mayo Clinic. FECD severity was graded using a modified Krachmer scale (grade 0 (no guttae) to grade 6 (confluent guttae with corneal edema)) (15, 16) . Corneal endothelial tissue was obtained by stripping an 8-mm diameter portion of the central Descemet membrane with the attached corneal endothelial cell monolayer at the time of routine corneal endothelial transplantation and immediately frozen. Skin biopsies were obtained using standard techniques.
Control Corneas-Normal human corneas were obtained as corneoscleral buttons from the Minnesota Lions Eye Bank or as fresh surgical enucleation specimens for pathology not involving the anterior segment of the eye. Corneal endothelial tissue was excised by bluntly stripping the central 9 -10-mm diameter Descemet membrane with the attached endothelial cell monolayer and immediately frozen.
RNA Isolation from the Corneal Endothelium-RNA was extracted using QIAzol and QIAcube (both from Qiagen, Valencia, CA). As part of the QIAcube process, RNA was treated with DNase and then eluted in 30 l of RNase-free 1ϫ Tris-EDTA buffer. The integrity of the RNA was assessed by measurement of the RNA integrity number of each sample using an Agilent Bioanalyzer (17) .
Isolation of Primary Fibroblasts and Cell Culture-Biopsies were performed at the Mayo Clinic following an approved human subject protocol. Dermal explant cultures were established from Dispase-treated skin biopsies on fibronectin underneath a glass coverslip with fibroblast medium after 5-7 days. After establishment, primary dermal fibroblasts were cultured as normal fibroblasts. Control unaffected fibroblasts (GM08333) were obtained from the Coriell Institute for Medical Research (Camden, NJ). Fibroblasts were grown at 37°C and 5% CO 2 with 10% FBS in minimum medium, 2 mM glutamine, 1% nonessential amino acids, 20 mM HEPES, and 1% antibiotic/antimycotic (all from Invitrogen).
Conventional PCR-Genomic DNA was purified by isopropyl alcohol precipitation (18) . For detection of CTG⅐CAG TNR length in the TCF4 gene, Platinum Pfx DNA polymerase (Invitrogen) was used for conventional PCR according to the manufacturer. 40 ng of genomic DNA and 0.3 M primers 5-TCF-Fuchs 2 and 3-TCF-Fuchs 2 were used in 20-l reactions cycled through the following conditions: 94°C denaturation for 20 s, 60°C annealing for 30 s, and 68°C extension for 3 min for 40 cycles with a 5-min initial denaturation and a 10-min final extension. PCRx enhancer solution gave a final concentration of 1.0ϫ. PCR products with CTG⅐CAG TNRs from the TCF4 locus contain 238 bp of non-repeat sequences, and TNR number estimations were adjusted accordingly. 5-TCF-Fuchs 2, 5Ј-TGCCAGATGAGTTTGGTGTAAGATGCA-3Ј; and 3-TCF-Fuchs 2, 5Ј-CAACAAGCAGAAAGGGGGCTGCAA-3Ј.
FISH-Fibroblasts and corneal tissue on coverslips were washed with PBS once and fixed in 4% paraformaldehyde in PBS for 30 min at room temperature. After fixation, cells were washed twice with PBS and stored in 70% ethanol at 4°C. Cells were rehydrated in 50% formamide and 2ϫ SSC for 5 min at room temperature. The cells were then hybridized overnight at 37°C in 100 l of a mixture containing 10% dextran sulfate, 2 mM vanadyl-ribonucleoside complex, 0.2% BSA, 100 g of yeast tRNA, 2ϫ SSC, 50% formamide, and 1.2 g of Cy3-(CAG) 10 probe. After hybridization and washing, cells were stained with Hoechst 33342 (1:200 dilution) for 30 min at room temperature and mounted on the slide using ProLong Gold antifade reagent. The Cy3 signal was acquired at a magnification of ϫ63 on a Zeiss LSM 710 laser scanning confocal microscope.
FISH/Immunofluorescence-After hybridization with the Cy3-(CAG) 10 probe, the corneal endothelial layer was permeabilized with fresh PBS containing 0.5% Triton X-100 for 10 min. Corneal cells were then incubated with anti-MBNL1 antibody (1:100 in PBS; sc-47740, Santa Cruz Biotechnology) for 1 h at room temperature and with a secondary antibody conjugated with Alexa Fluor 488 (1:500 in PBS; A11001, Invitrogen) at room temperature for 30 min. Following incubation, corneal endothelial cells were washed with PBS, stained with Hoechst 33342, and mounted on a microscope slide as described above.
RT-PCR Splicing Assays-RNA was extracted using QIAzol and QIAcube. As part of the QIAcube process, RNA was treated with DNase and then eluted in 30 l of RNase-free 1ϫ Tris/EDTA buffer. 2 ng of total RNA was used to prepare cDNA using an iScript cDNA synthesis kit (Bio-Rad). RT-PCR was performed using a Platinum PCR SuperMix High Fidelity kit (Invitrogen) and primer sets described previously (19, 20) . Products were analyzed by electrophoresis on 2% agarose gels and stained with ethidium bromide.
RNA-Seq-RNA libraries were prepared using TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA). Briefly, poly(A) mRNA was purified from total RNA using oligo(dT) magnetic beads, fragmented at 95°C for 8 min, eluted from the beads, and primed for first-strand cDNA synthesis using SuperScript III reverse transcriptase and random primers (Invitrogen). Second-strand cDNA synthesis was performed using DNA polymerase I and RNase H, and double-stranded cDNA was purified using a single AMPure XP bead cleanup step (Agencourt, Danvers, MA). The cDNA ends were repaired and phosphorylated using Klenow fragment, T4 polymerase, and T4 polynucleotide kinase, followed by a single AMPure XP bead cleanup step. The blunt-ended cDNAs were modified to include a single 3Ј-adenylate residue using Klenow exo Ϫ (3Ј to 5Ј exo Ϫ ), and paired-end DNA adaptors (Illumina) with a single T base overhang at the 3Ј-end were ligated to the A-tailed cDNA population. Unique indexes, included in the standard TruSeq kits (12-Set A and 12-Set B), were incorporated at the adaptor ligation step for multiplex sample loading on the flow cells. The resulting constructs were purified by two consecutive AMPure XP bead cleanup steps and enriched by 12 cycles of PCR using primers included in TruSeq RNA Sample Prep Kit v2. Libraries were loaded onto paired-end flow cells at concentrations of 8 -10 pM to generate cluster densities of 700,000/mm 2 using cBot and cBot Paired-end Cluster Kit v3 (Illumina) following the manufacturer's standard protocol. The flow cells were sequenced as 51 ϫ 2 paired-end reads on an Illumina HiSeq 2000 system using TruSeq SBS Sequencing Kit v3 and SCS v1.4.8 data collection software. The base calling, base conversion, and sample de-multiplexing were preformatted with CASAVA v1.8.2 and OLB v1.9 software (Illumina). The pairedend FASTQ format sequence was then passed through MAP-RSeq (Mayo Analysis Pipeline for RNA Sequencing) (19) , which uses TopHat v.2.0 (21) for alignment (against hg19), gene expression analysis, and fusion detection. Alignment files from MAP-RSeq were loaded into Bioconductor, and splice forms for the samples were quantified using CASPER v1.9.0 software (22) . Maximum likelihood estimates of the relative abundances of known transcripts were obtained using the CASPER algorithm. Genes that were expressed (total gene read count across all samples of Ͼ35,000) and had more than one alternative splice isoform were used for differential isoform analysis. Group comparisons of isoforms between control and FECD patients with repeat expansion samples was performed using limma, an R package.
RESULTS

Transcription of the (CTG⅐CAG) n TNR in TCF4 -The TCF4
gene spans 437 kb on chromosome 18 and gives rise to as many as 48 different transcripts from Ͼ20 mutually exclusive transcription start sites (23) . We used RNA-Seq to determine whether stable TCF4 intronic RNA can be detected in corneal endothelial samples. Fig. 1 provides a coverage plot of the average number of RNA-Seq reads for corneal endothelia from four FECD patients with a repeat expansion (blue), one patient without a repeat expansion (red), and three unaffected individuals (green). The CTG⅐CAG TNRs are located in an intron just downstream of a major upstream promoter used in the corneal endothelium, and the repeats are actively transcribed in both patients and controls. However, the RNA-Seq data from corneal endothelial samples also suggest that sequences from the intron containing the repeats preferentially accumulate in samples from patients with repeat expansions (compare blue trace with red and green traces). Clearly, transcripts upstream of the repeats predominate in the FECD samples. Note that RNA-Seq data cannot be interpreted for the repeat region, as there are numerous sites in the genome with CTG⅐CAG TNRs, hindering the ability to uniquely map sequences containing the repeat expansion.
RNA Foci in Cells from FECD Patients-To shed light on the possible mechanism by which expanded CTG⅐CAG TNRs might induce FECD, we derived several fibroblast cell lines from FECD patient skin biopsies. FECD fibroblasts have similar growth rates and cell morphology as normal fibroblasts. Genomic DNA extraction and PCR with primers flanking the repeats of TCF4 revealed that the CTG⅐CAG TNRs are remarkably unstable in fibroblasts ( Fig. 2A ). Fibroblasts from an unaffected individual (GM08833) exhibit a single PCR product, reflecting ϳ20 repeats ( Fig. 2A, left lanes) . FECD 2011-101 is homozygous for the expansion, whereas FECD 2011-119 and 2011-150 are heterozygous with one normal-length TCF4 allele (ϳ20 repeats). In all three lines we detected multiple PCR bands, indicating that the CTG⅐CAG TNRs are unstable in fibroblasts and variable between patients, as shown previously for fibroblasts derived from DM1 patients (18) . In contrast, the repeats are stable in leukocytes from FECD patients (data not shown, but see Wieben et al. (5) ), similar to what is observed in leukocytes from DM1 patients (24) . It is not possible at present to assess repeat instability in corneal endothelial cells, as only a single cell monolayer is obtained at the time of cornea transplantation; however, because TNR diseases are characterized by somatic instability of the repeat sequence in the affected tissues, FECD may be caused by an even larger CTG⅐CAG TNR expansion in the corneal endothelium. Future studies will be needed to assess this possibility.
We examined fibroblasts and corneal endothelia from FECD patients for CUG RNA foci by FISH using a Cy3-(CAG) 10 probe. Indeed, CUG RNA foci were detected in FECD 2011-101 and 2011-150 fibroblasts, but not in FECD 2011-119 or control fibroblasts (GM08333) (Fig. 2 , B-E). One explanation for the absence of CUG RNA foci in FECD 2011-119 fibroblasts is that the repeat length in this line is relatively shorter than in the other two FECD fibroblast lines. In addition, we detected RNA foci in only ϳ30% of the 2011-101 fibroblasts and in only ϳ5% of the 2011-150 fibroblasts, in agreement with the somatic instability observed by PCR ( Fig. 2A) . These results indicate that the CTG⅐CAG TNR length plays an important role in CUG RNA focus formation in fibroblasts. Interestingly, we observed larger brighter CUG RNA foci in the FECD 2011-150 corneal endothelium (Fig. 2F) , similar to what is observed in DM1 muscle (8) . Moreover, almost all the cells in the FECD corneal endothelium from this patient have CUG RNA foci (Fig. 3) . Quanti-tatively, these cells have 2.35 Ϯ 1.14 foci per cell nucleus (from multiple images). Because we have few transplant corneas available where we also have established fibroblasts from the same patients, it is not possible at present to assess the relationship between repeat numbers and frequency of RNA foci in affected corneal endothelia. Nonetheless, these data show that the CTG⅐CAG TNR expansion is indeed transcribed into a stable sense-strand RNA, which causes the formation of CUG RNA foci in the affected tissue of FECD, similar to what is observed in DM1 muscle (8) .
Co-localization of MBNL1 in RNA Foci-In DM1, MBNL1 sequestration by CUG RNA results in aberrant splicing of physiologically important mRNAs, such as the chloride channel ClC-1 and the insulin receptor (25, 26) . To determine whether MBNL1 sequestration is also present in FECD cells, we performed FISH and MBNL1 immunofluorescence staining in FECD corneal endothelia. In patients 2011-150 and 2011-088, we clearly observed co-localization of CUG RNA foci and MBNL1 protein (Fig. 4, A and B) . Both patients have a CTG⅐CAG TNR expansion in the TCF4 gene. In a FECD patient with no repeat expansion (FECD 1744), we did not detect either CUG RNA foci or MBNL1 aggregation/co-localization ( Fig.  4C) .
TNR Expansion Alters RNA Splicing in the Corneal Endothelium-In DM1, the co-localization of poly(CUG) RNA and MBNL1 in foci leads to widespread changes in splicing patterns in affected tissues. To determine whether similar changes occur in FECD, we used CASPER analysis (22) of the corneal endothelium RNA-Seq data as an initial screen of the transcriptomewide data. CASPER calculates the relative abundance of alternatively spliced isoforms for each gene. Using data from four corneal endothelial samples from FECD patients with repeat expansions versus three control samples from unaffected individuals, CASPER identified 342 genes with robust expression in the corneal endothelium that had differential expression of at least one isoform (supplemental Table 1 ). This analysis suggests that FECD is associated with widespread changes in splicing patterns across the genome. To confirm the CASPER results and to provide further insight into specific regulated splicing events, we also used the MISO (Mixture of Isoforms) software package (27) , which provides estimates of isoform expression at the exon level. MISO quantifies the level of inclusion of a given differentially expressed exon as the "percent spliced in" (PSI or ⌿) (27) . ⌿ values for a given exon vary between 0 (the exon is excluded from every transcript) and 1 (the exon is included in every transcript). MISO also calculates a Bayes factor for each differential splicing event, which is a measure of the odds that there is differential inclusion of a particular exon in different samples (27) .
Inspection of the top differential splicing events identified by CASPER in corneal endothelial samples revealed several that have been characterized in DM1 and are known to be sensitive to MBNL1 depletion. As shown in Table 1 , MBNL1-regulated events were also identified in the MISO analysis, including differential splicing of MBNL1 itself. Splicing of exon 6 of MBNL1 (which is known to be autoregulated (28)) has a calculated average ⌿ value from MISO of 0.52 in control samples. Inclusion of this exon is much more favored in FECD samples, as evidenced by the increase in the ⌿ value to 0.87 ( Fig. 5 and Table 1 ). Fig. 5A shows a Sashimi plot of the actual RNA-Seq reads that map to this region of the MBNL1 gene, with the number of reads that span each part of the splice junction shown on the plots for six of the samples analyzed. The FECD samples are shown in red, and two of the controls are shown in yellow. To the right of the Sashimi plots are plots of the estimated MISO ⌿ values versus expression levels for the splicing event being examined, with the 95% confidence intervals for the ⌿ estimate marked by dashed lines. Interestingly, the splicing pattern for exon 6 of MBNL1 in the corneal endothelium from an FECD patient who does not have a repeat expansion (FECD 038) resembles that of the control samples (⌿ ϭ 0.27).
Because this MBNL1 differential splicing event was not included in the most significant differential splicing events identified by CASPER, we performed RT-PCR to confirm splicing differences between FECD samples with repeat expansions -6) , the 352-bp product that retains exon 6 remains strong, but very little of the 298-bp exclusion product is detected. This result confirms the conclusion from MISO that exon 6 is preferentially included in samples from patients with repeat expansions. A sample from an Plots of the estimated MISO ⌿ values versus expression levels for the splicing event being examined are shown to the right, with the 95% confidence intervals for the ⌿ estimate marked by dashed lines. B, RT-PCR using primers that flank selected exons was used to assess exon inclusion from MBNL1 and RALGAPA1 in corneal endothelial RNA samples from controls (lanes 1-3) and FECD patients (lanes 4 -7) . The repeat expansion status of each sample is shown (ϩ, Ͼ50 repeats; Ϫ, Ͻ50 repeats). The size of the PCR products in base pairs is indicated to the left. Lane M contains size markers.
FECD patient who does not have a repeat expansion is show in lane 7. As indicated by the low ⌿ value for this splicing event from MISO, the 298-bp exclusion product is much stronger in this sample, as it is in controls. This finding is consistent with the hypothesis that the increased inclusion of this exon occurs only when MBNL1 is sequestered in RNA foci created from transcribed repeat sequences. RT-PCR results for exon 41 of RALGAPA1 are also shown in Fig. 5B . This splicing event is known not to be responsive to changes in MBNL1 levels. In this case, the pattern of splicing is the same for all samples regardless of FECD status.
Similar data for two additional splicing events known to be sensitive to MBNL1 depletion are shown in Figs. 6 and 7 . Fig. 6 shows that inclusion of ADD3 exon 14 is favored in FECD corneal endothelial samples (average ⌿ ϭ 0.32), but this exon is almost always excluded in samples from controls (average ⌿ ϭ 0.05). Once again, the splicing pattern for exon 14 of ADD3 in the corneal endothelium from an FECD patient who does not have a repeat expansion (FECD 038) resembles that from the control samples (⌿ ϭ 0.07). RT-PCR analysis of this splicing event (Fig. 6B) confirmed the increased inclusion of exon 14 (380-bp band) in FECD samples from patients who have TNR FIGURE 6. Differential splicing of ADD3 in the corneal endothelium. A, Sashimi plot of RNA-Seq data for ADD3. The coordinates for this splicing event are shown at the top, and a schematic of this splicing event is shown at the bottom. The main panel shows the counts of RNA-Seq reads that span the junctions in this region of the ADD3 gene. The FECD samples are shown in red, and the control samples are shown in yellow. Plots of the estimated MISO ⌿ values versus expression levels for the splicing event being examined are shown to the right, with the 95% confidence intervals for the ⌿ estimate marked by dashed lines. B, RT-PCR using primers that flank the exons shown was used to assess exon inclusion from ADD3 in corneal endothelial RNA samples from controls (lanes 1-3) and FECD patients (lanes 4 -7) . The repeat expansion status of each sample is shown (ϩ, Ͼ50 repeats; Ϫ, Ͻ50 repeats). The size of the PCR products in base pairs is indicated to the left. Lane M contains size markers.
expansions. In both the control samples and the FECD sample that lacks a repeat expansion, the 284-bp band representing the PCR product that excludes exon 14 predominates.
The splicing of exon 22 of INF2 is also known to be regulated by MBNL1 (19) . For INF2, the FECD samples show preferential exclusion of exon 22 compared with the controls (average ⌬⌿ ϭ Ϫ0.61) ( Fig. 7) . Once again, this RNA-Seq result was confirmed by RT-PCR. The 352-bp inclusion product predominates in controls, but the 295-bp exclusion product is favored in the FECD samples from patients without repeat expansions (Fig. 7B ).
Both the ADD3 (NM_016824) and INF2 (NM_022489) transcripts were identified as being differentially spliced between the control and FECD-with-repeat-expansion groups by CASPER as well, with p values of 0.0001 and 0.0002, respectively (supplemental Table 1 ). Table 1 identifies four additional instances of differentially spliced exons known to be sensitive to MBNL1 depletion (SORBS1, GNAS, FGFR1, and MBNL2) that were identified by both MISO and CASPER. In each case, the ⌿ values from a patient who lacked a TNR expansion were much closer to those from control samples than to those from other FECD samples.
MBNL1, MBNL2, and SORBS1 splicing is known to be differentially regulated in DM1. Table 1 details another five splicing events found in corneal endothelial samples from patients with TNR repeat expansions that are also known to be differentially (lanes 1-3) and FECD patients (lanes 4 -7) . The repeat expansion status of each sample is shown (ϩ, Ͼ50 repeats; Ϫ, Ͻ50 repeats). The size of the PCR products in base pairs is indicated to the left. Lane M contains size markers. spliced in DM1 (VEGFA, VPS39, AKAP13, SOS1, and NFIX), emphasizing the similarity in cellular phenotype to a known TNR expansion disease (29 -32) .
Differential splicing of VEGFA, SORBS1, ADD3, INF2, and FGFR1 transcripts has also been described as part of the reprogramming of gene expression that accompanies epithelial-tomesenchymal transition (EMT) (19, 33, 34) . Because EMT has been proposed to play a role in the pathogenesis of FECD (35) , we surveyed the differential splicing data from FECD samples for other alternative splicing events that have been associated with EMT. Table 1 lists four additional splicing events from the RNA-Seq data in FECD that also occur during EMT. In the case of CSNK1G3, the ⌿ value of an FECD sample from a patient without a TNR expansion (⌿ ϭ 0.41) is more similar to the ⌿ values of the other FECD samples (⌿ avg ϭ 0.47) compared with the control samples (⌿ avg ϭ 0.73). Work in other systems has shown that this splicing event is responsive to depletion of PTBP1, but is relatively insensitive to depletion of MBNL1 (19) .
Additional differential splicing events potentially relevant to proposed mechanisms for FECD pathogenesis are presented in Table 1 . Each of these genes is expressed at significant levels in the corneal endothelium, and splicing patterns vary significantly between FECD and control samples.
DISCUSSION
FECD Is a Common TNR Expansion Disease-Our results
suggest that the expansion of a CTG⅐CAG repeat in the TCF4 gene contributes to FECD through a mechanism that involves sequestration of MBNL1 in RNA foci. This transcribed TNR lies 43 kb upstream of the rs613872 SNP, which was significantly associated with the risk for FECD in the genome-wide association study reported by Baratz et al. (4) . In agreement with a significant body of previous work (reviewed in Refs. 35 and 36) supporting the conclusion that the genetics of FECD involve locus heterogeneity, ϳ70 -80% of FECD patients in the United States have a repeat expansion in leukocyte DNA (5, 6) . Previous work has shown that expansion beyond 50 repeats is associated with FECD, but it was not clear how this expansion might lead to disease (5) . Both the autosomal dominant genetics and the knowledge that haploinsufficiency at the TCF4 locus leads to a severe congenital disease (Pitt-Hopkins syndrome) argue that the pathogenesis of FECD is likely to involve gain-offunction mechanisms. The recent discovery of repeat-associated non-ATG translation in several of the RNA toxicity microsatellite disorders (14) also raises the possibility that the pathogenesis of FECD may also be due to small peptides generated from the poly(CUG) n RNA.
RNA toxicity, first characterized in the context of DM1, is now well established as an important mechanism for pathogenesis in other microsatellite diseases. In the case of myotonic dystrophy, the link between similar poly(CUG) RNA, MBNL1 sequestration, missplicing, and DM1 pathogenesis has been firmly established (8) . Transgenic mouse models expressing poly(CUG) RNAs (37, 38) recapitulate skeletal muscle wasting and myotonia along with MBNL1 sequestration and missplicing of essential muscle transcripts. Similarly, knock-out of MBNL1 is sufficient to recapitulate muscle degeneration and RNA-splicing defects, whereas overexpression of MBNL1 pre-vents poly(CUG)-induced myotonia, myopathy, and splicing defects in DM1 mice (39) . Finally, disruption of MBNL1-poly-(CUG) RNA complexes with either morpholino-oligonucleotides or small molecules is sufficient to reverse pathological findings in DM1 mouse (25) or cell (40) models. RNA toxicity is not limited to DM1, but has also been implicated in DM2, FXTAS, and C9ORF72 ALS/FTD (11) . Interestingly, the morphology of RNA foci differs between diseases caused by different repeat sequences, but FECD and DM1 foci appear to be identical in terms of their compactness and distribution in the cell nucleus. This is likely due to the fact that both are caused by the same DNA repeat sequence.
We propose that similar mechanisms are operative in FECD and DM1. The selective abundance of poly(CUG) RNA foci in FECD corneal endothelial cells compared with a non-target cell type (fibroblasts) (Figs. 2 and 3) suggests that TCF4 poly(CUG) transcripts predominantly accumulate in the corneal endothelium, leading to FECD pathogenesis. This observation of tissuespecific RNA accumulation may reflect the corneal endothelium's exposure to an environment prone to oxidative stress and the potential for oxidative stress to increase somatic instability and further expansion of TNRs (41) . Importantly, oxidative stress has been implicated previously as a factor in the pathogenesis of FECD (42) .
Splicing Changes Provide Insight into Possible Pathogenic Mechanisms-The widespread splicing changes identified here provide some important insights into the biology of FECD. Considering the regulatory role of TCF4 in EMT (reviewed in Refs. 43 and 44) , this pathway has also been implicated in the pathogenesis of FECD (4, 35) . Missense mutations in ZEB1, a known inducer of EMT, have been shown to cause FECD in some patients (45) . Alterations in MBNL1 splicing have also been implicated as an important factor in EMT (19, 46) . Our RNA-Seq results support a possible role for this pathway in FECD in that we have identified eight additional mRNAsplicing changes in FECD RNA samples that have previously been described in large-scale studies of splicing changes during EMT. Two of these splicing changes (in INF2 and ITGA6) have ⌬⌿ values of Ͼ0.5, suggesting that the repeat expansion can have a switch-like effect on some splicing events that influence this process. The other changes are less dramatic but could clearly have major effects on cell function over the 5 decades it takes to develop manifestations of FECD.
The SORBS1, ADD3, and INF2 proteins all have roles in actin dynamics within cells, and ADD3 is thought to function in cellcell adhesion. The murine ortholog of SORBS1, called ponsin, is a focal adhesion protein localized at both cell-cell and cell-matrix adherens junctions (47) . PPFIBP1 and ITGA6 also have roles in cell adhesion (48, 49) , and the PPHLN1 protein is found at cell-cell junctions and is thought to have a role in barrier formation (50) , highlighting the possibility that this aspect of endothelial cell biology plays a role in the pathogenesis of FECD. Rho-associated kinase inhibitors have been suggested as possible treatments for FECD (51) . It is notable that ponsin isoforms are regulated by Rho GTPases (52), whereas the ARHGEF40 and AKAP13 proteins also have roles in Rho signaling (53) . These results suggest that further studies of RNA metabolism in FECD could provide significant insight into the disease process.
Perhaps the most significant aspect of the work presented here is that a TNR expansion appears to play a key role in the development of such a common disease. Previously characterized TNR expansion diseases are both phenotypically severe and quite rare. Our work raises the possibility that other common genetic diseases might also be due to unstable repeat expansions. Furthermore, we anticipate that future work on the pathogenesis of this TNR expansion disorder will inform studies of the other rare repeat expansion diseases. Because significant progress has been made in the development of repeattargeting therapies for DM1 (reviewed in Refs. 25 and 40) , it is likely that these approaches will also be valuable for the treatment of FECD, and therapeutic trials using simple ocular delivery methods might facilitate rapid advancement of these therapies for this and potentially other diseases.
